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Objective: To examine the relationship between mortality rate and tsunami inundation
after the Great East Japan Earthquake (GEJE) in 2011.
Study design: Cross-sectional study.
Methods: One hundred and fifty-five town or village sections in Ishinomaki, Myagi Prefec-
ture, were included in this study. Three areas in the city were classified by characteristic
landforms: plains area (n ¼ 114), ria coastal area (n ¼ 27) and Kitakami riverside (n ¼ 14).
The correlation coefficient between tsunami inundation depth and mortality rate was
calculated for each area, and the differences between the areas were examined. Further-
more, multivariate analyses adjusted for the characteristics of the sections were conducted
using census data taken before the GEJE.
Results: An association was found between inundation depth and mortality rate for Ishi-
nomaki as a whole (r ¼ 0.65, P < 0.001), Kitakami riverside (r ¼ 0.85, P < 0.001) and the plains
area (r ¼ 0.75, P < 0.001) in separate analyses. However, no association was detected be-
tween inundation depth and mortality rate for the ria coastal area (r ¼ 0.14, P ¼ 0.47).
Conclusion: The ria coastal area has good accessibility to the hills and tight bonding between
members of the community. These factors seemed to play crucial roles in the lower
mortality rate in this area despite the deep inundation.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
There are numerous vacant lots along the coast of north-
eastern Japan that formerly contained communities
comprised of houses, ports andworkplaces. On 11March 2011,
a huge tsunami caused by the Great East Japan Earthquake
(GEJE, magnitude 9.0) wreaked havoc on the area.1,2 Nearly
400,000 houses and 20,000 public buildings were completely orp (E. Yano).
y Elsevier Ltd. This is a
).partially destroyed, and 400,000 people were forced to evac-
uate.2e4 The catastrophic power of the GEJE took nearly 20,000
lives.2,5 Among the municipalities, Ishinomaki in Miyagi Pre-
fecture suffered the greatest number of deaths (n ¼ 3471).
There is a need to investigate factors that mitigated the
human mortality rate, regardless of the physical damage, in
order to prepare for the next disaster. Of nearly 20,000 casu-
alties, more than three-quarters of deaths were due ton open access article under the CC BY-NC-ND license (http://
p u b l i c h e a l t h 1 2 9 ( 2 0 1 5 ) 1 3 9 0e1 3 9 7 1391drowning in the tsunami rather than collapsed buildings.6
Some perished while attempting to rescue their families,
while others had no knowledge of the impending tsunami and
were unable to escape in time.
The mortality rate increased with the inundation depth,7
and a relationship has been reported between the mortality
rate and the proportion of the population that lived in the area
of inundation.8 In contrast, some communities in the ria
coastal area of Ishinomaki reported no fatalities, despite the
fact that almost all houses were destroyed by the tsunami.
The Japanese Government reported that the averagemortality
rate in the ria coastal area was lower than that of the plains
area at the same inundation depth.7
Mortality rate trends in inundated areas of past disasters
have been reported, but to the authors' knowledge, this is the
first study to investigate the relationship between inundation
depth and mortality rate.9e13 It was hypothesized that the
mortality rate experienced by a community is not determined
solely by the inundation depth of a tsunami. This study
investigated the relationship between the inundation depth of
the GEJE tsunami andmortality rate, and explored the factors,
including landforms, that affected the degree of mortality.Methods
Setting
A cross-sectional study was performed to examine the study
hypothesis using data from Ishinomaki, Miyagi Prefecture.
Ishinomaki is one of the major port cities in Tohoku District,
and its main industries include fishing, marine product pro-
cessing and paper manufacturing. The population of Ishino-
maki used to be 160,000, but it decreased by >5% following the
GEJE due to the large number of deaths (n ¼ 3471).14
Ishinomaki can be divided into three geographical areas
based on characteristic landforms: plain, ria coast and Kita-
kami riverside (see Fig. 1). The plains area, which contains the
largest population among the three areas, is located in the
southern part of the city and includes themain administrative
functions, a residential area, a major port, and a fishing and
paper industrial region. The ria coastal area, which is
comprised of a number of rural fishing villages, is on the
north-eastern coast. Each village was divided by a steep
landscape with coves and valleys, and the population density
was low. The Kitakami riverside, along the Kitakami River, is
located at the northern border of the city and is comprised of
mixed agricultural and residential areas.
Sample population
Ishinomaki is comprised of seven areas, each of which used to
consist of old towns. However, the area now contains 177
town or village sections (hereafter ‘sections’), and is further
divided into 354 blocks. The populations in the sections clas-
sified by the 2010 Census were included in this study.15
Five sections from the plains area were excluded as their
population data were missing from the 2010 Census: Shiomi-
cho, Mikawa-cho, Shigeyoshi-cho, Nishihama-cho and Aza-
Yokotsutsumi. The 15 sections in Ogatsu-cho wereconsolidated into a single section (Total-Ogatsu) as the exact
addresses of 103 residents killed in the GEJE (out of 158 deaths)
were unknown. Four sections in Kitakami-cho were consoli-
dated into a single section (Total-Kitakami) as the exact ad-
dresses of 154 residents killed in the GEJE (out of 194 deaths)
were unknown. Therefore, 155 sections were included in the
final analysis: 114, 27 and 14 for the plains area, ria coastal
area and Kitakami riverside, respectively.
Inundation depth of the tsunami
Using data from the Ministry of Land, Infrastructure and
Transport,16 the tsunami inundation level for each block was
evaluated and classified into the following seven levels: 0, not
flooded; 1, ~0.5m; 2, 0.5e1m; 3, 1e2m; 4, 2e4m; 5, 4e8m; and
6, ~8 m. The mean inundation depth of each section was
calculated based on the values of the block members of each
section.
Mortality rate
The mortality rate of each section was calculated by dividing
the number of deaths caused directly by the GEJE by the
population before the GEJE, obtained from the 2010 Census.15
Data from the census were used because it was impossible
to know the exact locations of the deaths. Nearly 80% of the
deaths in Miyagi Prefecture were caused by drowning,6 and it
is speculated that most were washed away by the huge
tsunami. Thus, it may be assumed that the locations where
the bodies were found were not the same as where they were
at the time of the tsunami. Some deaths were witnessed, or
the location was reported, but many cases only included in-
formation on where the body was found or no report existed.
Thus, the location of the deaths was estimated based on res-
idential addresses.
Miyagi Prefectural Government formally recognised 3471
GEJE-related deaths from 11 March 2011 to 30 September 2012,
of which 3251 fatalities were caused directly by the tsunami or
collapsed buildings.14 Miyagi Prefectural Police Department
reported 3158 deaths with detailed information (age, sex and
address) after obtaining permission from the families.17
From these data, 30 deaths that could not be classified into
sections based on the 2010 Census, and 49 deaths that lacked
an exact address were excluded. Ultimately, 3079 deaths were
included in the mortality rate estimate.
Other features of the sections
Using the 2010 Census data,15 16 representative variables that
were relevant in the analysis of factors affecting mortality in
the communities were selected. In Japan, a census is con-
ducted every 5 years and is a count of all residents and
households. This provides initial insight into local pop-
ulations. In addition to sex and age distributions, the pro-
portions of people or households in the following categories
were calculated: marital status (widowed or divorced), num-
ber of peoplewho lived in the same section continuously (born
or lived in the section for >20 years, or lived in the section for
<five years), the industry in which individuals were engaged
(agriculture/forestry/fisheries, manufacturing), education
p u b l i c h e a l t h 1 2 9 ( 2 0 1 5 ) 1 3 9 0e1 3 9 71392(completed senior high school or more), transportation
(commute by foot or bicycle), family type (one-person house-
hold, nuclear family, three-generation family), households
with children <18 years of age, households with elderly per-
sons (65 years of age), and households consisting solely of
elderly people.
Statistical methods
Spearman's correlation coefficients between tsunami inun-
dation depth and mortality rate were calculated for the 155
sections, and the results for the entire city and each of the
three geographical areas were examined. Furthermore, logis-
tic regression analyses were conducted to identify factors
other than inundation depth that were related to mortality
rate. After examination of the interaction between landform
type and inundation depth for mortality rate, logistic regres-
sion analyses were performed for each landform. The vari-
ables were inundation depth and the basic demographic
characteristics of the sections based on census data. Odds
ratios (ORs) were calculated for each factor mentioned above,
and significant variables with OR >1.05 or <0.95 were selected.
As a result, three variables were included as covariates (pro-
portions of young people, males and manufacturing workers)
in the multivariate logistic regression analyses.
All analyses were performed using SAS Version 9.3 (SAS
Institute, Cary, NC, USA). All tests were two-sided, with
P < 0.05 considered to indicate significance.Fig. 1 e Map of Ishinomaki and each of the three areas.Results
The characteristics of Ishinomaki before the GEJE are shown
in Table 1. Compared with the national average, the propor-
tion of elderly people (65 years old) in Ishinomaki as a whole
was relatively high (27.2% vs 23.3%).15 The proportion was
41.2% in the ria coastal area, whichwasmuch higher than that
in the plains area (25.9%) and Kitakami riverside (30.4%). The
ria coastal area and Kitakami riverside had a higher percent-
age of households with elderly members (69.1% and
71.0%),and a higher percentage of people who had lived there
from birth or for >20 years (76.3% and 77.6%) compared with
the plains area (47.1% and 51.7%, respectively).
Table 2 shows the damage caused by the GEJE. The mor-
tality rate was higher among females than males in all areas,
and the elderly mortality rate was the highest among all age
groups. The mortality rate of young people (<15 years) in
Kitakami riverside (5.2%) was considerably higher compared
with that in the plains area (0.8%) and the ria coastal area
(1.1%).
Fig. 2 shows the relationship between inundation depth
(m) and mortality rate for the 155 sections. Significant corre-
lation was found between inundation depth and mortality
rate (Spearman's r ¼ 0.65, P < 0.001). In contrast, several sec-
tions had low mortality rates but high inundation depths,
most of which were in the ria coastal area. The correlation
coefficient for each landform was calculated separately. A
significant correlation between inundation depth and mor-
tality rate was found for the plains area (r ¼ 0.75, P < 0.001),
and an even stronger association was found for Kitakamiriverside (r ¼ 0.85, P < 0.001), but no association was found for
the ria coastal area (r ¼ 0.14, P ¼ 0.47). The terms that inter-
acted with landform were found to be statistically significant
in the regression analyses, suggesting that the landform acted
as an effect modifier for the relationship between inundation
depth and mortality rate (see Fig. 2).
Table 3 shows the results of logistic regression analyses for
Ishinomaki as a whole and each area. In a simple regression
analysis, inundation depth was significantly associated with
mortality rate in Ishinomaki as a whole [OR 1.27, 95% confi-
dence interval (CI) 1.26e1.28] and each area (plain: OR 1.50,
95% CI 1.48e1.52; ria coast: OR 1.11, 95%CI 1.04e1.19; Kitakami
riverside: OR 1.30, 95% CI 1.28e1.32). In a model adjusted for
multiple variables, inundation depth was significantly asso-
ciated with mortality rate in the plains area (OR 1.49, 95% CI
1.46e1.51) and Kitakami riverside (OR 1.24, 95% CI 1.21e1.27),
but not in the ria coastal area (OR 1.06, 95% CI 0.98e1.16).Discussion
A general association was found between tsunami inundation
depth andmortality rate in Ishinomaki. Inundation depthwas
strongly associated with mortality rate in the plains area and
Kitakami riverside, but not in the ria coastal area. Other fac-
tors were found to be associated with mortality rate in each
region, such as landform. The ria coast landform may have
played a crucial role in the lower mortality rate despite the
deep inundation.
There have been many discussions on mortality rate and
inundation depth in past disasters. The flood after Hurricane
Katrina in 2005 causedmore than 1100 fatalities in the state of
Louisiana, USA. Although mortality rates were highest in
areas with large water depths, and two-thirds of the analysed
Table 1 e Characteristics of Ishinomaki as a whole and each area.
Characteristic Ishinomaki Plain Ria coast Kitakami riverside
n (%) n (%) n (%) n (%)
Population total 160,826 136,351 9650 14,825
Sex
Male 77,143 (48.0) 65,269 (47.9) 4703 (48.7) 7171 (48.4)
Female 83,683 (52.0) 71,082 (52.1) 4947 (51.3) 7654 (51.6)
Age group (years)
<15 20,214 (12.6) 17,704 (13.0) 732 (7.6) 1778 (12.0)
15e64 96,297 (59.9) 82,821 (60.7) 4942 (51.2) 8534 (57.6)
65 43,747 (27.2) 35,258 (25.9) 3976 (41.2) 4513 (30.4)
Unknown 568 (0.3) 568 (0.4) 0 (0.0) 0 (0.0)
Period of residence
20 years 69,976 (43.5) 64,398 (47.2) 2278 (23.6) 3300 (22.3)
>20 years or from birth 89,403 (55.6) 70,528 (51.7) 7362 (76.3) 11,513 (77.6)
Unknown 1447 (0.9) 1425 (1.1) 10 (0.1) 10 (0.1)
Occupation
Total workers 71,623 60,565 4405 6653
Agriculture, forestry and fisheries 5450 (7.6) 3349 (5.5) 1360 (30.9) 741 (11.1)
Manufacturing 13,388 (18.7) 11,184 (18.5) 870 (19.8) 1334 (20.1)
Transportation
Total workers 71,623 60,565 4405 6653
None (home workers) 10,921 (15.2) 7745 (12.8) 1795 (40.7) 1381 (20.8)
Walk only 3263 (4.6) 2761 (4.6) 345 (7.8) 157 (2.4)
Bicycle 4499 (6.3) 4338 (7.2) 88 (2.0) 73 (1.1)
Private car 47,849 (66.8) 41,191 (68.0) 1817 (41.2) 4841 (72.8)
Total students 7032 6153 266 613
Walk only 751 (10.7) 726 (11.8) 14 (5.3) 11 (1.8)
Bicycle 3433 (48.8) 3235 (52.6) 12 (4.5) 186 (30.3)
Private car 955 (13.6) 675 (11.0) 64 (24.1) 216 (35.2)
Households
Total 57,796 49,802 3808 4186
Family form
One-person household 14,509 (25.1) 12,810 (25.7) 1137 (29.8) 562 (13.4)
Nuclear family 30,614 (53.0) 27,161 (54.5) 1729 (45.4) 1724 (41.2)
Three-generation family 9150 (15.8) 7068 (14.2) 585 (15.4) 1497 (35.8)
Othersa 3523 (6.1) 2763 (5.6) 357 (9.4) 403 (9.6)
Composition
Including people <18 years of age 14,589 (25.2) 12,833 (25.8) 538 (14.1) 1218 (29.1)
Including people 65 years of age 29,039 (50.2) 23,436 (47.1) 2632 (69.1) 2971 (71.0)
Only elderly people in the household 10,999 (19.0) 9111 (18.3) 1209 (31.7) 679 (16.2)
Sections
Total 155 114 27 14
Inundation depth (m)
0 46 (29.7) 35 (30.7) 2 (7.4) 9 (64.3)
0.1e1.9 43 (27.7) 40 (35.1) 1 (3.7) 2 (14.3)
2.0e3.9 19 (12.3) 17 (14.9) 1 (3.7) 1 (7.1)
4.0e5.9 17 (11.0) 15 (13.2) 2 (7.4) 0 (0.0)
6.0e7.9 3 (1.9) 2 (1.7) 1 (3.7) 0 (0.0)
8.0 27 (17.4) 5 (3.4) 20 (74.1) 2 (14.3)
a Including unknown (0.7%).
p u b l i c h e a l t h 1 2 9 ( 2 0 1 5 ) 1 3 9 0e1 3 9 7 1393fatalities were most likely associated with the direct physical
impact of the flood, one-third of the analysed fatalities were
not caused directly by the flood but by the critical public
health conditions.12 During the great flood on the east coast of
Britain in 1953, 307 people were killed, with two-thirds of the
deaths occurring in vulnerable buildings, such as post-war
prefabricated buildings, bungalows and chalets. In contrast,
the empathetic response of the local residents in providing
shelter, warmth and food was a mitigating factor.13 On 26
December 2004, a tsunami in the Indian Ocean caused 220,000deaths and missing persons in the Indian Ocean region. The
mortality rate was 11.5e27.0% in each Indonesian dis-
trict9e11,18 and 12.9% in Ampara, Sri Lanka.19 However, oral
histories from Simeulue Island recounted a massive tsunami
in 1907 in which residents were advised to head to the hills
after significant shaking; an extraordinarily powerful mitiga-
tion tool that saved countless lives.20
Many plans have been initiated to prepare for future di-
sasters, particularly for the Nankai Trough Earthquake, which
is predicted with >90% certainty to occur within the next 50
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p u b l i c h e a l t h 1 2 9 ( 2 0 1 5 ) 1 3 9 0e1 3 9 71394years in south-western Japan.21 Discussing characteristics of
individual landforms is beneficial to provide more suitable
plans for individual communities in the future.
There are no nearby hills for escape in the plains area, and
there are urban communities with higher population density.
Traffic jams delayed escape because of the lack of evacuation
routes, and some three-story buildings were flooded far
beyond the expected level.2 The finding that themortality rate
in the plains area was determined by inundation depth indi-
cated the indispensability of providing adequate infrastruc-
ture. In fact, the Japanese Government had already planned to
construct tall towers in coastal areas to protect against
tsunamis.22
Several factors in the ria coastal area could have accounted
for the lower mortality rate despite the deep inundation. This
area contains small coves suitable for fishing that are distant
from other villages. There are nearby hills, and old buildings
(e.g. shrines and temples) were built at higher altitude due to
prior tsunamis. Lowurbanization and the sense of community
in fishing villages, as well as high proportions of people who
engage in agriculture, forestry or fisheries, led to improved
evacuation and a lower mortality rate. In Kitakami riverside,
which is 8 km from the estuary, the tsunami flowed up the
Kitakami River at a depth of 4 m almost 1 h after the earth-
quake and reached 49 km upstream from the estuary.23 Most
of these areas are so far from the coast that people cannot see
the ocean, and they never expected the tsunami to reverse the
flow of the Kitakami River. Although there are hills near the
residential areas, there are no direct escape routes. People in
this region delayed their escape as they were taken
completely by surprise.
The limitations of this study must be considered before
generalizing the results and applying them in preparation for
future disasters. These include misclassification of both
inundation depth andmortality rate, confounding factors and
ecological fallacy. There is no actual information regarding
the exact location of the deaths that occurred when the
tsunami hit, so residential addresses were used. As the GEJE
occurred on a weekday afternoon, children may have been in
school and adults would have been working. There are many
workplaces in the plains area, such as fish processing plants
near the coast, so some of the workers who lived in inland
areas with a small inundation depth may have been killed at
their workplacewhere therewas a deeper inundation depth. If
location misclassifications of this type occurred, the associa-
tion between inundation depth and mortality rate may have
been weakened. As non-differential misclassification could
have resulted in an underestimate, the true associations may
have been even stronger.24 In contrast, the sections in the ria
coastal areawere separated by steep hills, andmany residents
worked near their homes, which introduced less misclassifi-
cation of the location of the deceased.
The force of the tsunami must be considered as a potential
confounding factor. Coastal areas with deep inundation were
hit directly by the strongest force of the tsunami, and more
deaths are caused by stronger tsunamis compared with
weaker tsunamis with the same inundation depth. It was not
possible to adjust for the strength of the tsunami in each
section due to the lack of information.
Table 3 e Association between inundation depth and other factors and mortality rate in Ishinomaki as a whole and the
three areas according to correlation and logistic regression analyses.
Correlation analysis Logistic regression analysis
Simple regression model Multivariate adjusted modela
R P-value ORb 95% CI ORb 95% CI
Ishinomaki
Inundation depth 0.65 <0.001 1.27 (1.26e1.28) 1.30 (1.29e1.32)
Proportion of people in the section (%)
Young people (<15 years) 0.95 (0.94e0.96) 1.07 (1.05e1.08)
Males 0.92 (0.91e0.94) 0.91 (0.89e0.93)
Manufacturing workers 1.06 (1.06e1.07) 1.04 (1.03e1.04)
Plain
Inundation depth 0.75 <0.001 1.50 (1.48e1.52) 1.49 (1.46e1.51)
Proportion of people in the section (%)
Young people (<15 years) 1.03 (1.02e1.03) 1.02 (1.00e1.03)
Males 0.92 (0.90e0.95) 1.05 (1.02e1.08)
Manufacturing workers 1.08 (1.08e1.09) 1.04 (1.03e1.05)
Ria coast
Inundation depth 0.14 0.47 1.11 (1.04e1.19) 1.06 (0.98e1.16)
Proportion of people in the section (%)
Young people (<15 years) 1.05 (1.01e1.09) 1.17 (1.09e1.26)
Males 0.89 (0.85e0.93) 0.83 (0.78e0.88)
Manufacturing workers 1.01 (1.00e1.02) 0.99 (0.97e1.01)
Kitakami riverside
Inundation depth 0.85 <0.001 1.30 (1.28e1.32) 1.24 (1.21e1.27)
Proportion of people in the section (%)
Young people (<15 years) 0.67 (0.64e0.71) 0.75 (0.70e0.81)
Males 0.73 (0.68e0.79) 1.07 (0.94e1.22)
Manufacturing workers 1.41 (1.35e1.47) 1.19 (1.14e1.25)
OR, odds ratio; CI, confidence interval.
a Adjusted variables include the proportion of young people (<15 years), males and manufacturing workers.
b ORs indicate an increase in mortality rate for each 1-m increase in inundation depth.
Fig. 2 e Relationship between tsunami inundation depth and mortality rate for each of the three regions.
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p u b l i c h e a l t h 1 2 9 ( 2 0 1 5 ) 1 3 9 0e1 3 9 71396Furthermore, this study considered sections rather than
individuals, which could have introduced ecological fallacy. In
contrast, Tanaka et al.8 reported a significant correlation be-
tween the proportion of a population living in the inundation
range andmortality rate (r¼ 0.746, P < 0.001) after analysing 44
coastal municipalities in the three prefectures in Tohoku
District. This result indicates that municipalities with a larger
inundated area had higher mortality rates, suggesting that
greater inundation caused more deaths. The present results
were similar but this study involved smaller areas of 155
sections in Ishinomaki, and a general relationship between
inundation depth and mortality rate was identified.
The quantitative aspect of the GEJE mortality rate must be
considered in order to understand the factors affecting mor-
tality rate, which was not very high despite the huge physical
damage. Of course, the efforts ofmedical teams specializing in
disaster medicine saved lives during the acute phase,25 and
disaster prevention awareness and evacuation drills also
contributed to the lower relative mortality rate. People have
learned from past experiences of earthquakes and tsunamis;
the proverb of ‘Tsunami Tendenko’ (‘when a tsunami comes,
forget others and escape individually’) saved people in some
communities.26 However, hazard maps and sea walls under-
estimated the level of the tsunami, and gave some people a
false sense of security which delayed their evacuation.27
Compared with past disasters, the ratio of people injured to
people missing or dead was much lower (GEJE, 0.31; Indian
Ocean Tsunami of 2004 in Thailand, 1.01; Great Hanshin-
Awaji Earthquake of 1995 in Japan, 6.80).28 The low ratio of
injuries to deaths could explain the importance of rapid
evacuation from tsunami inundation areas.
These results confirmed the hypothesis that the mortality
rate of individual communities was not determined solely by
the tsunami inundation depth; an unmodifiable physical fac-
tor. Thus, there is still much room for improving disaster
preparedness.
Based on these findings, it is vital to improve andmaintain
evacuation routes to hills or higher areas. If there are no hills,
tall buildings strong enough to withstand a tsunami are
needed. In addition, risk awareness depends on both educa-
tion and appropriate risk communication based on accurate
assessment. The hazard maps prepared by the local govern-
ments of some Tohoku communities may have increased
mortality rates because the actual inundation depth far
exceeded any predicted by a plan. In contrast, thanks to
repeated classroom education about the risks of natural di-
sasters and the importance of escape, even schoolchildren
who had never experienced a tsunami persuaded adults to
escape, as reported from Kamaishi in Iwate Prefecture.26
Tighter community bonds should be maintained to help
people to share their awareness for preparing for disasters
during ordinary times and to cooperate in an emergency.
Considering the advantages and weaknesses of each
community, these measures must be adapted to increase
preparedness for future disasters.
In conclusion, a general correlation was found between
inundation depth and mortality rate for Ishinomaki as a
whole. Inundation depth was strongly associated with mor-
tality rate in the plains area and Kitakami riverside, but not in
the ria coastal area. The landforms and communitycharacteristics in the ria coastal area played crucial roles in
the lower mortality rate despite the deep inundation.Author statements
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